Abstract. The development of parathyroid carcinoma has been associated with inactivating mutations of the Hyperparathyroidism type 2 (HRPT2) gene encoding parafibromin, a member of the human RNA Polymerase II-Associated Factor Complex (hPAF) and functionally linked to the Wingless type (Wnt) pathway. In this study, we characterized the expression of Wnt pathway molecules in parathyroid benign and malignant tumors. Tumors were investigated by immunohistochemistry supplemented with Western blot analyses using monoclonal antibodies. The study comprised 13 tumors from 12 cases of unequivocal parathyroid carcinoma, 18 cases of parathyroid adenoma, as well as nontumorous parathyroid tissue. Adenomatous polyposis coli (APC) was uniformly expressed in non-tumorous parathyroid tissue and adenomas, but absent in carcinomas from 9 of 12 patients (75%). Expression of glycogen synthase kinase 3-ß (GSK3-ß) was lost in 4/12 carcinomas and in 1/18 adenomas. The loss of APC and GSK3-ß did not lead to augmentation of the Wnt target protein cyclin D1 or the Wnt oncoprotein ß-catenin. Active ß-catenin showed cytoplasmic and nuclear expression in all non-tumorous tissues and tumors. Loss of APC immunoreactivity was significantly associated with parathyroid carcinoma as compared to adenomas (p<0.001), giving a high specificity (100%) and sensitivity (75%) for the detection of parathyroid malignancy. The results suggest the involvement of Wnt-pathway members APC and GSK3-ß in parathyroid carcinoma development. In addition, APC immunohistochemistry could become a useful tool for improved recognition of parathyroid carcinoma together with immunohistochemistry for parafibromin and proliferation index. Furthermore, the involvement of APC related pathways in the disease development opens possibilities to explore therapeutic routes complementary to surgery.
Introduction
Parathyroid carcinoma is a highly aggressive form of primary hyperparathyroidism (PHPT). Typical findings are very high levels of serum calcium with severe accompanying symptoms. Recurrent and/or metastatic disease and/or histopathological evidence of infiltration to vessel, nerve or local surrounding tissue are characteristic features of unequivocal carcinomas, tumors frequently associated with mortal outcome.
Mutations in the hyperparathyroidism 2 gene (HRPT2, CDC73) have been established as one underlying genetic mechanism in the tumorigenesis of parathyroid carcinoma (1) (2) (3) (4) . Inactivating HRPT2 mutations are frequently revealed in somatic cells and/or in germ-line cells of these patients, the latter often in connection to a syndromic form of the disease known as the hyperparathyroidism-jaw tumor syndrome (HPT-JT, OMIM #145001). By contrast HRPT2 mutations are uncommon in benign forms of PHPT (5, 6) . Parafibromin, the protein product of HRPT2, has recently been linked to the Wingless type (Wnt) pathway through its nuclear association with ß-catenin (7) . In absence of Wnt signaling, ß-catenin is phosphorylated and subsequently degraded by a protein complex consisting of Axin, adenomatous polyposis coli (APC) and glycogen synthase kinase 3-ß (GSK3-ß) (8) (9) (10) . Upon Wnt signaling, the inhibitory complex is dissociated and unphosphorylated (active) ß-catenin accumulates in the cytoplasm and the nucleus. The association of ß-catenin with parafibromin and members of the human PAF complex regulates transcription of target genes encoding e.g. the c-myc oncoprotein and the cell cycle protein cyclin D1.
Parafibromin has been evaluated as a putative diagnostic marker of malignant parathyroid disease, for which early diagnosis and extensive surgical treatment are essential to achieve long-term survival (11, 12) . However, the lack of diagnostic tools has remained a dilemma in clinical practice, and therefore parathyroid carcinoma patients are often unrecognized until metastasis or recurrent disease is diagnosed. Most studies have shown strong parafibromin expression in parathyroid adenomas, together with frequent reduction or loss of immunoreactivity in carcinomas (13) (14) (15) (16) . Parafibromin immunostaining in parathyroid carcinomas often display a reduction in the amount of parafibrominpositive cells rather than a complete loss of immunoreactivity. Furthermore, cases with HRPT2 mutations recurrently display reduced immunoreactivity. These findings demonstrate the value but also the present difficulties to apply parafibromin immunostaining in clinical settings (16) (17) (18) .
With the aim of further characterizing the molecular genetic background of parathyroid carcinoma, we have evaluated members of the Wnt pathway in malignant and benign PHPT. For this purpose we determined the immunohistochemical protein expression of APC, GSK3-ß, ß-catenin and cyclin D1 in a series of parathyroid carcinomas and adenomas, and compared the findings with expression of parafibromin and proliferation index. The findings support the involvement of Wnt pathway members in parathyroid carcinoma development and identify APC as a possible marker for identification of malignant PHPT.
Materials and methods
Patients and tissue samples. The study includes 13 unequivocal parathyroid carcinoma samples from 12 patients (Ca 1-12, Table I ) that are part of a previously published historical material (16, 19, 20) . Histopathological classifications were according to the guidelines of the World Health Organization (WHO) (21) . Thus, the diagnosis of unequivocal carcinoma was defined by distant metastasis, and/or local invasion of surrounding organs, and/or vascular/ neural invasion, and/or evidence of recurrence after parathyroidectomy. Parathyroid tumors with histological features indicating malignancy ('equivoval' cancer) but lacking the above criteria, was not used in this study because no extensive follow-up data concerning these tumors exists. Since an assembly of equivocal carcinomas represents a heterogeneous group of tumors, including benign as well as potentially malignant cases, long-term follow-up data are crucial in determining the true identity of these lesions and the interpretation of a negative or positive staining in such a case (21) .
Among the 12 carcinoma patients investigated in this study, 5 had been diagnosed with local recurrence, 1 with distant metastasis, 7 with a primary carcinoma demonstrating vascular or neural infiltration and 3 patients died of the disease. These data are detailed for each case in reference 16 (Table I) .
Furthermore, the study comprises parathyroid adenomas and non-tumorous control tissues collected with informed consent and ethical approval at Karolinska University Hospital in Stockholm. Eighteen samples of sporadic parathyroid adenomas (Ad 1-18) were from 18 patients undergoing surgery for PHPT, who all displayed either elevated serum calcium levels and/or elevated PTH levels preoperatively (Table I) . Paraffin sections and frozen tissue samples from 4 sporadic cystic parathyroid adenomas (denoted Ctrl Ad 1-4) were used as controls to optimize the antibody dilutions. Ctrl ad 1-4 have previously been shown to exhibit wild-type HRPT2 gene sequence and express parafibromin at thẽ 60 kDa level (6) . Hence we could correlate protein expression to immunohistochemical staining results in these four cases lacking alterations in the HRPT2/parafibromin axis, thereby optimizing the methodology for the subsequent Wnt protein members staining of Ca 1-12 and Ad 1-18. Furthermore, for the N-terminal APC antibody, a case of normal colon and two regular parathyroid adenomas on the same slide was used as controls to optimize the antigen retrieval protocol as well as in the subsequent immunostainings of Ca 1-12 and Ad 1-18. Furthermore, paraffinembedded samples of normal colon and colon cancer was mounted on the same slide and used as positive control for active ß-catenin.
Expression patterns in non-tumorous parathyroid tissue were studied in adjacent normal parathyroid rims from 12 of the 18 adenoma cases (Ad 1-18 NRim ). Non-tumorous parathyroid tissue pooled from three individual surgical biopsies (Norm pool ) was investigated together with reference parathyroid adenomas (22) for active and C-terminal ß-catenin expression using Western blot analysis.
Antibodies. The following primary antibodies were used: a rabbit monoclonal antibody directed against an N-terminal polypeptide derived from exon 3 of human APC (EP701Y, Abcam, Cambridge, UK); a mouse monoclonal antibody targeting the C-terminal part of human APC (EMM43, Abcam); a rabbit monoclonal antibody directed towards the N-terminal part of human GSK3-ß (Y174, Abcam); a mouse monoclonal antibody raised against amino acids (aa) 680-781 at the C-terminus of human ß-catenin (E-5, #sc-7963, Santa Cruz Biotechnology, CA, USA); a mouse monoclonal antibody against active (unphosphorylated) ß-catenin targeting aa 36-44 (8E7, #05-665, Upstate/Millipore, MA, USA); a rabbit monoclonal antibody against human cyclin D1 (SP4, #RM-9104-F, Neomarkers, CA, USA); a monoclonal mouse antibody targeting the human proliferation marker Ki-67 (MIB-1, Dako, Glostrup, Denmark); a mouse monoclonal anti-ß-actin antibody (AC-15, #A1978, Sigma-Aldrich, MO, USA); and a mouse monoclonal ·-actinin antibody (MAB 1682, Chemicon, CA, USA).
The N-terminal APC antibody EP701Y detects full length APC of ~311 kDa, the short isoform 2 of ~304 kDa which lacks 101 aa encoded by part of exon 9, as well as an ~160 kDa product lacking epitopes encoded by the first and last exons (23) . EMM43 targets a sequence within a 251 aa region of the C-terminus of the human APC protein. Hence, the C-terminal EMM43 antibody is predicted to detect full length APC in addition to the short isoform 2, but not the alternative ~160 kDa product. The E-5 antibody for C-terminal ß-catenin shows a single ~92 kDa product, while anti-active ß-catenin 8E7 detects a ~92 kDa product and in addition a larger product (10) .
The dilution factor applied for immunohistochemistry with the antibodies for N-terminal APC, GSK3-ß, C-terminal ß-catenin and cyclin D1 was determined from parallel Western blot and immunohistochemical analyses of Ctrl Ad 1-4.
Western blot analyses. Western blot analyses of total protein extracts from parathyroid control adenomas and non-tumorous tissues were done essentially as previously described (6) . In brief, samples were electrophoresed in 10% Tricine gels (Invitrogen, CA, USA), blotted onto nitrocellulose membranes and stained with ATX Ponceau S Red solution (SigmaAldrich). Membranes were then incubated overnight at 4˚C with the primary antibodies for N-terminal APC (EP701Y, 1:300), GSK3-ß (Y174, 1:500), C-terminal ß-catenin (E-5, 1:100), active ß-catenin (8E7, 1:2,000), ß-actin (1:50,000) or ·-actinin (1:500) and subsequently incubated for 1. Table I . Clinical information for the parathyroid tumor cases studied. - -
subsequently cropped using the Adode Photoshop 7.0 software (Adobe Systems Incorporated, CA, USA). Results from Western blot analysis of cyclin D1 expression in Ctrl Ad 1-4 have been previously published (6).
Immunohistochemistry. Paraffin sections (4 μm) were deparaffinized, rehydrated and treated in preheated citrate buffer pH 6.0 (Dako) at 95˚C for 20 min in a microwave oven. To optimize the antigen retrieval protocol for the APC immunostainings, control experiments with normal colon and two parathyroid adenomas on the same slide were assessed using the N-terminal APC antibody EP701Y and the following three parameters: no antigen retrieval, 10 min and 20 min in citrate buffer respectively. In our laboratory settings, we acquired the expected immunoreactivity using 10 and 20 min of citrate treatment, whereas the signals were very low or absent using no antigen retrieval. There were no differences between 10 and 20 min treatment regarding APC staining intensity (data not shown). The slides were incubated for 30 min in 0.3% hydrogen peroxide and blocked in 1% BSA with 0.01% Na-azide for 1 h. Endogenous biotin was neutralized using the Avidin/ Biotin Blocking Kit (SP-2001, Vector Laboratories, Burlingame, CA, USA). Slides were then incubated overnight at 4˚C with the respective primary antibodies for N-terminal APC (EP701Y, 1:100), C-terminal APC (EMM43, 1:40), GSK3-ß (Y174, 1:200), C-terminal ß-catenin (E-5, 1:100), active ß-catenin (8E7, 1:200), cyclin D1 (SP4, 1:100) and Ki-67 (MIB-1, 1:100) diluted in 1% BSA, followed by the biotinylated secondary antibody goat anti rabbit IgG or horse anti-mouse IgG at 1:200 and 1:700 respectively (BA-1000/BA-2000, Vector Laboratories) for 45 min. After incubation with the avidin-biotin-peroxidase complex (ABC) (Vectastain Elite Kit, Vector Laboratories) for 45 min and diaminobenzidine tetrahydrochloride for 6 min, slides were counterstained with haematoxylin for 3 min. Omission of the primary antibody served as negative control. Sections were analyzed using a Zeiss Axioskop microscope (Carl Zeiss, Jena, Germany) equipped with Zeiss Plan-Neofluar objective lenses. The images were obtained using a ProgRes C12 Plus camera and the ProgRes Capture Pro 2.5 software program (Jenoptik, Jena, Germany).
Scoring of the immunoreactivity was performed for the entire section field independently by two of the authors (C.J. and A.H.), one of which was without knowledge of the sample classification (A.H.). For APC, GSK3-ß and ß-catenin, samples scored as negative had no immunoreactivity in tumor cells, while in positive cases all or the vast majority of tumor cells exhibited strong immunoreactivity. Weak cases showed low level of immunoreactivity in a minority of tumor cells. To further validate our findings for APC, a subset of the negatively stained carcinomas and the positively stained adenomas were restained using the N-terminal APC antibody with identical results (data not shown). For cyclin D1, samples were scored by counting at least 1,000 cells from a total of 3 randomly selected grid areas of the sections in high power magnification (using x40 as objective). The cells were classified as having either positive or negative nuclear cyclin D1 expression. Furthermore, all parathyroid carcinomas enlisted in this study except Ca 5, 6a and 6b have previously been published with regards to Ki-67 immunoreactivity (20) . Thus samples Ca 5, 6a and 6b were stained with the MIB-1 antibody and scored for this study by counting 1,000 cells in high power magnification (x40). Results from parafibromin immunohistochemistry in Ca 1-12 and Ad 1-18 have been previously published (16) .
Statistical analysis of APC immunoreactivity. Statistical calculations were performed using the Statistica data analysis software system version 6 (Statsoft Inc, Tulsa, OK, USA) and a cut-off at p<0.05 was applied for statistical significance. Fisher's exact test was applied to compare immunoreactivity for N-terminal anti-APC and C-terminal anti-APC between carcinomas and adenomas. Tumors were grouped as having either positive/weak or negative APC expression. For comparison between the N-terminal Table II . Immunohistochemical expression patterns in normal parathyroid rims. 
APC antibody in the current study and previously published parafibromin staining results in unequivocal carcinomas (16), McNemar's ¯2 test and Cohen's Kappa test were applied. To allow comparison, cases with 'partial loss' of parafibromin staining were classed as 'negative'. Furthermore, the sensitivity and the specificity for loss of APC immunoreactivity were calculated, and the negative and positive predictive values (NPV and PPV) were determined assuming a prevalence of 1% for parathyroid carcinoma in PHPT (21) Finally, comparison of adenomas and carcinomas regarding cyclin D1 immunoreactivity was performed using the MannWhitney U test.
Results
In this study we determined the immunohistochemical expression of APC, GSK3-ß, ß-catenin as well as cyclin D1 in non-tumorous parathyroid tissue (Table II) and parathyroid carcinomas and adenomas (Table III) 
----------------------------------------------------------------------------------------------------------------------
n.d., not determined. Table I and existing data for parafibromin expression (16) and Ki-67 index (20) are given in Table III .
-----------------------------------------------------------------------------------------------------------------------case in

Expression in non-tumorous parathyroid tissues and controls.
In control experiments for the antibodies targeting N-terminal APC, GSK3-ß, active ß-catenin, and C-terminal ß-catenin, products of the expected molecular weights were detected ( Figs. 1 and 3 ). In addition, the obtained immunohistochemical staining intensity for each Ctrl Ad 1-4 was in agreement with the respective Western band intensity (Figs. 1 and 3) . Western blot application of the cyclin D1
antibody has been previously published (6) . Cytoplasmic APC immunoreactivity was demonstrated in all cells of normal colon ( Fig. 1 ) and reference parathyroid adenomas on the same slide used as a positive control. Similarly, active ß-catenin exhibited the expected staining patterns in positive controls from normal colon and colon cancer (Fig. 3A) . However, no expression was observed after omission of the primary antibodies (Figs. 1 and 3) . The expression in non-tumorous parathyroid was determined on normal parathyroid rims present within the slides for 12 of the 18 adenoma cases studied (Table II) . For N-terminal 
-4). (A)
The staining was located to the cytoplasm while the nuclei and surrounding fibrous tissue was negative for APC immunoreactivity. A normal colon was included as a reference for APC immunoreactivity. Omission of the primary antibody served as negative control (neg. ctrl). The striped line represents 50 μm and all images are magnified x300. (B) The ~311 kDa and ~304 kDa products represent the full length APC and short isoform 2 respectively. The ~160 kDa product corresponds to the alternative form lacking corresponding epitopes of the first and last exons of the APC gene (23) . '+' indicates strong expression and '+/-' denotes weak expression. ·-actinin is a cytoplasmatic protein of ~100 kDa used as a control of equal protein loading between lanes.
and C-terminal APC as well as GSK3-ß, all normal parathyroid rims showed cytoplasmic immunoreactivity in all cells (Table II, Fig. 2 ). Normal parathyroid rims were positive for cytosolic active ß-catenin in all cells, while the nuclei showed a mixed pattern of positive and negative staining (Fig. 4) . For C-terminal ß-catenin, all normal parathyroid rims displayed pronounced membranous as well as cytoplasmic staining in all cells, whereas the nuclei were negative. When evaluating the nuclear staining a high magnification (using a x40 objective) was applied to discriminate between stained and unstained nuclei.
Expression of active and C-terminal ß-catenin in surgical biopsies of non-tumorous parathyroid was also demonstrated by Western blot analysis (Fig. 3D ). Cyclin D1 showed nuclear staining in 5-19% of normal parathyroid cells (Table II) .
Loss of APC and GSK3-ß in parathyroid tumors. All 18 sporadic parathyroid adenomas showed uniform APC immunoreactivity in virtually all tumor cells (Ad 1-18, Table  III) . Similar results were obtained using both APC antibodies (Fig. 2) . The staining was located in the cytoplasm, while nuclear expression was not detected. By contrast, 11 of the parathyroid carcinoma cases were completely negative for APC immunoreactivity, as revealed by either the Nterminal or C-terminal antibodies or both (Table III) . With the N-terminal antibody, three carcinomas showed uniform cytoplasmic staining in all tumor cells (Ca 6a, 11, 12) , with similar range of intensity as seen in Ad 1-18. The metastasis Ca 6b (derived from the same patient as the primary tumor Ca 6a) exhibited weak APC expression in a minority of cells.
Hence patient Ca 6 was classified as positive for APC expression, since both tumors (a and b) displayed APC immunoreactivity, albeit at different levels. For the Cterminal antibody, the remaining 6 cases were positive for APC immunoreactivity, exhibiting comparable intensity as Ad 1-18.
Cytoplasmic immunoreactivity of GSK3-ß was observed in all cells in 17/18 adenomas and in carcinomas from 8/12 patients (Table III) . Loss of GSK3-ß was hence demonstrated in 1/18 (6%) adenomas and in 4/12 (33%) carcinoma patients, whereby no tumor nuclei stained positive.
Expression of cyclin D1 and ß-catenin in parathyroid tumors
and non-tumorous tissues. Cyclin D1 nuclear expression was detected in varying proportions of the tumor cells in adenomas (6-100%) and in carcinomas (2-78%). In 8/18 adenomas and 9/12 carcinomas, the proportion of positive cells was above the range observed in the normal parathyroid rims (5-19%, Table II ). Comparing adenomas and carcinomas using the Mann-Whitney U test, no significant differences in the amount of positively stained nuclei was observed (p=0.41).
For ß-catenin, highly similar expression patterns were revealed in parathyroid adenomas and carcinomas, as well as in comparison to normal parathyroid rims (Fig. 4) . Thus, for active ß-catenin all cases demonstrated cytoplasmic staining in all cells together with a mixture of positive and negative nuclei. Pronounced immunoreactivity was observed for C-terminal ß-catenin in the cellular membrane together with relatively weaker cytoplasmic expression of all cells. Furthermore, the expression levels in individual cells were comparable between adenomas, carcinomas and normal parathyroid rims. This finding was in agreement with Western blot analysis of non-tumorous surgical biopsies of parathyroid tissue and reference adenomas (Fig. 3D) . Loss of APC as a potential marker for parathyroid carcinoma. Similar or overlapping patterns of expression were observed for cyclin D1 and ß-catenin in non-tumorous tissues and parathyroid tumors, and loss of GSK3-ß was found in one adenoma and four carcinomas. Based on the results these molecules were therefore regarded as less suitable for diagnostic purposes. However, nine of the 12 parathyroid carcinoma cases lacked APC immunoreactivity for the Nterminal antibody (75%) as compared to 0/18 (0%) of parathyroid adenomas. The difference was statistically significant (p<0.001, Fisher's exact test). Based on these findings, the sensitivity to detect unequivocal parathyroid carcinoma based on negative APC immunoreactivity would be 75% (95% CI, 43-95%), whereas the specificity reaches 100% (95% CI, 81-100%). The corresponding PPV is 100%, i.e. the chance that an unequivocal carcinoma is correctly identified by negative APC staining. Given the low prevalence (1%) of parathyroid carcinoma in PHPT, the NPV is 99.7%, i.e. the chance that an adenoma is correctly identified by positive APC staining.
Immunostaining with the C-terminal APC antibody also showed a statistically significant difference between unequivocal carcinomas and adenomas (p<0.002, Fisher's exact test). The sensitivity to distinguish unequivocal parathyroid carcinoma based on negative APC immunoreactivity using the C-terminal APC antibody was 50% (95% CI, 21-79%), whereas the specificity reached 100% (95% CI, 81-100%), and the PPV and NPV values reached 100% and 99.5%, respectively.
Comparison of the N-terminal APC antibody stainings with previously published parafibromin staining of the same unequivocal cases (16) (Table III) 
Discussion
In the current study we demonstrate loss of APC and GSK3-ß immunoreactivity in parathyroid carcinomas without an increase in ß-catenin or cyclin D1 levels. All cases were directly fixed using formalin and have also been assessed by antibodies directed at other proteins, such as parafibromin, cyclin D1, and Ki-67. The carcinoma cases that exhibited negative APC and/or GSK3-ß expression were positive for other markers (Table III) , indicating intact proteins and valid fixation processes of these samples. The observed loss of APC and GSK3-ß immunoreactivity in these cases can therefore be regarded as biological phenomenon and not due to suboptimal fixation.
APC has an established role in colorectal cancer (24) , and play key roles in various fields such as cell migration, adhesion, apoptosis, chromosome segregation and neuronal differentiation (25) . In this study, frequent loss of APC expression was demonstrated using two different antibodies targeting epitopes at different parts of the APC protein. The findings suggest that full-length APC and its isoforms are present in non-tumorous parathyroid and parathyroid adenomas, while the expression is specifically lost in the majority of parathyroid carcinomas. This is in agreement with a recent report demonstrating APC expression in all cases of normal parathyroid glands, parathyroid adenomas and secondary HPT (hyperplastic) glands (26) .
Loss of APC immunoreactivity was observed in the majority of parathyroid unequivocal carcinomas suggesting inactivation of both alleles at this locus. Several different mechanisms could be considered as underlying these observations including gene copy number losses, structural mutations and epigenetic or other regulatory mechanisms. In parathyroid carcinomas loss of the 5q region have not been frequently observed using conventional CGH analyses (27) . Furthermore, loss of immunoreactivity was readily demonstrated by the N-terminal APC antibody, indicating that truncating or non-sense structural mutations of the type observed in colorectal cancer is not a major feature in parathyroid carcinoma. In sporadic colorectal cancer, the APC gene is mutated in approximately two thirds of cases. These mutations are often located within exons 5-8, 9-14, or 15, and almost invariably give rise to loss of the functionally active C-terminal region (28) . Epigenetic events acting on the promoter and/or histone level, or other regulatory mechanisms acting on the transcript and/or protein level of APC remain to be studied in parathyroid carcinomas.
Interestingly, five parathyroid carcinoma cases that were negative for the N-terminal APC antibody were positive using the C-terminal antibody (Ca 1-3, 6 and 9). Differential expression of APC isoforms, missense mutations in exon 3 and differences in antigen immunoreactivity or unspecific cross binding might explain these differences. Furthermore, two carcinomas exhibiting N-terminal APC immunoreactivity were negative using the C-terminal antibody, suggestive of protein truncations in these tumors .
Inactivation of APC has been coupled to the familial adenomatous polyposis (FAP) syndrome, in which the affected members display early adult life colorectal cancer consequential to widespread adenomatous polyps of the colon (24) . Interestingly, patients with family history of colonic polyposis and colorectal cancer have in few cases been associated to endocrine neoplasias, including parathyroid adenomas (29) , as well as lesions of the jaws (30) . Jaw tumors are also a feature of the HPT-JT syndrome caused by germline HRPT2 mutations, in which the afflicted members may present with PHPT that is frequently malignant, ossifying jaw tumors as well as various lesions of the kidney and uterus (31) . The parathyroid carcinomas and adenomas enlisted in this study have previously been analyzed for parafibromin immunoreactivity (16) . This revealed almost 100% positive cells in parathyroid adenomas and corresponding normal parathyroid rims together with reduced expression in the majority of carcinomas (Table III) . Furthermore, we found a significant correlation between reduction of parafibromin and loss of APC immunoreactivity in carcinomas, suggesting a relationship between these two suppressor molecules in parathyroid tumorigenesis.
The normal function of GSK3-ß would theoretically be in agreement with a tumor suppressor function; however inactivating alterations of the GSK3-ß gene have not been reported in human cancers (32) . Here we demonstrate loss of immunoreactivity of GSK3-ß in 33% of carcinomas and in a single adenoma, supporting a role of inactivated GSK3-ß in parathyroid tumor development.
Previous studies of ß-catenin in PHPT have reported homozygous S37A mutations in exon 3 and accumulation of ß-catenin for some populations (26, 33) but not in other (34, 35) . In this study we observed expression of active and C-terminal ß-catenin in surgical biopsies of non-tumorous parathyroid by Western, as well as in normal parathyroid rim. Active ß-catenin revealed similar expression patterns in cytoplasm and nucleus of normal rim, adenomas and carcinomas. Furthermore, no difference in ß-catenin expression was revealed between carcinomas with positive or negative APC or GSK3-ß staining. Neither were there any associations between ß-catenin expression and cyclin D1 expression in carcinomas with partial loss of parafibromin. These findings would suggest that parathyroid related S37A mutation was not frequent in this tumor series since the 8E7 antibody applied is not reactive to this form (10) . Given the low rate of cell division of the normal parathyroid gland, the high levels of active ß-catenin observed in non-tumorous parathyroid cells are not expected to stimulate proliferation. Indeed, several in vivo studies indicate that ß-catenin and the Wnt pathway could mediate apoptosis and differentiation in addition to proliferation (36) . Furthermore, loss of APC and GSK3-ß might confer a proliferative stimulus to parathyroid tumors independent of ß-catenin. APC has several functions in the cell in addition to the control of ß-catenin turn-over, such as regulation of apoptosis, cell-cell adhesion and inhibition of genomic replication by direct binding to the DNA (25, 37) . Furthermore, GSK3-ß is for example involved in suppression of the oncogene cyclin D2 and stimulation of MEKK1 expression, a member of the JNK/SAPK cascade elicited in cellular stress (38, 39) .
In this tumor series, APC immunohistochemistry was found as a potentially useful tool for improved diagnostic purposes. Parafibromin alterations are commonly detected as loss of immunoreactivity in a subset of cells only ('partial loss'), and varying patterns of staining of non-tumorous parathyroid and adenomas have been found in different studies (13) (14) (15) (16) (17) . By contrast, APC showed uniform loss in carcinomas together with almost 100% positive cells in normal rim and adenomas. Thus two of the molecules studied in this sample series (APC and parafibromin) showed clear expression in all cells of sall non-tumorous parathyroid and parathyroid adenoma, but were lost in the majority of parathyroid carcinomas. Similarly, proliferation index determined by Ki-67 (antibody MIB1) which is generally low in normal parathyroid and parathyroid adenoma (20) and increased in carcinomas (21, 40) was found elevated (range 3.3-7.8%) in 6/12 carcinomas studied (Table III) . Taken together, these three markers could constitute a useful panel in assessing malignant parathyroid tumors. Although based on a limited number of cases, all carcinomas studied here would be distinguished from parathyroid adenoma using this approach.
If substantiated in independent material, loss of APC expression imply an appealing possibility for oncological intervention in patients with parathyroid carcinoma. For example, COX-2 inhibitors have been shown to exhibit chemopreventive features in colorectal cancer, as treatment with non-steroidal anti-inflammatory drugs (NSAID) have shown a reduction of polyp size and numbers in FAP patients (41) . Similarly, treatment with aspirin has also been shown to reduce the incidence and mortality of colorectal cancer (42) . It has been shown recently that truncated APC still can target ß-catenin for destruction, but only in the absence of COX enzyme activity, providing a possible molecular explanation for the promising results of COX-2 inhibition in colorectal cancer (43) . Although our data need to be reproduced on a genetic level to verify the mechanisms of APC abolishment in parathyroid cancer, these possibilities for therapeutic intervention in parathyroid carcinoma and disease prevention in familial disease are truly intriguing.
To conclude, our study is the first that connects loss of APC and GSK3-ß immunoreactivity to parathyroid malignancy without an ensuing augmentation in active ß-catenin or cyclin D1 levels. APC constitute a promising novel marker for the detection of parathyroid cancer with statistical confidence, and all cancer cases in the current study were distinguished using the panel APC-parafibromin-Ki-67. This report also brings new insight into the complex molecular biology of parathyroid tumors, in which we report the hypothesized inactivation of a colorectal cancer tumor suppressor in the majority of malignant parathyroid cases as well as its coupling to a reduction in parafibromin levels. Furthermore, on a purely speculative level, loss of APC expression in parathyroid cancer might confer new therapeutic opportunities for the clinician.
